The use of three-component four-center Ugi reactions to afford the synthesis of novel β-lactams is described. Three series of compounds have been made using this reaction in combination with the Mannich reaction. All compounds formed are racemic mixtures and were tested against the chloroquine sensitive D10 strain of Plasmodium falciparum in an in vitro assay. All compounds showed low to moderate microMolar range activity with the most active compounds 2.6 and 3.1 showing IC 50 values 16 µM and 15 µM respectively
Introduction
Malaria continues to be a major blight with almost half the world's population at risk. 1 Whilst the disease is currently primarily endemic in Third World countries, the socio-economic impact of this disease is felt worldwide. Each year an approximated 5% of the world's population succumbs to infection by parasites of the genus Plasmodium. The level of drug resistance continues to rise. Most recently the emergence of resistance to artemesinin based therapies is of grave concern. 2 The result is an urgent need for new pharmacophores to bypass these resistance mechanisms. Modern medicinal chemistry research is driven by the need to identify, develop and optimise lead compounds in the most cost-effective and efficient way possible. The use of multicomponent reactions (MCRs) which utilise at least three different starting materials in a one-pot synthesis is an important synthetic strategy in this environment. 3 MCRs give rise to a wide variety of structural diversity via simple methodology. 4 Ever since the structure of penicillin was elucidated, the β-lactam moiety has been of interest. 5 In recent years there has been an increasing focus on β-lactams and their application to a wide variety of infectious diseases. 6 The exploration of the application of β-lactams in the treatment of malaria is an area of serious research interest. The fact that β-lactams are easily accessed via a three-component four-centre (3C-4CR) Ugi type reaction makes this class of compounds attractive. 4 We have therefore synthesised a series of β-lactams, using a 3C-4CR protocol, from commercially available starting materials in order to lay a foundation of structure-activity information which will allow a more focused second phase of synthesis and biological evaluation. We report herein, the synthesis and antiplasmodial activity of these β-lactams.
Three series of novel β-lactams have been synthesised and general structures are shown in 
Results and Discussion
Series 1 was synthesized from β-alanine, cyclohexyl isocyanide and the chosen aldehyde, Scheme 1. Reactions were carried out in methanol at 25 °C. The reaction time varied from 48-72 hours and good yields were obtained. Reactions were carried out in a small volume of solvent in order to maximize yields and minimize reaction times. The use of low molecular weight alcohols or aprotic polar solvents has been shown to be advantageous in Ugi methodology hence the choice of methanol as the solvent. 7 Pirrung and Das Sarma noted that biphasic systems using aqueous media accelerate this type of reactions. 8 This was attempted, but we found that the convenience of removal of the methanol and immediate addition to the silica gel column for purification outweighed any advantage to the use of a biphasic system. Series 2 and 3 (compounds 2.1 -2.7 and 3.1 -3.8 respectively) were synthesised from 3-(prop-2-ynyloxy)benzaldehyde 5.15. This was prepared from 3-hydroxybenzaldehyde, 7, and propargyl bromide 6 following the procedure described by Pitlik and Townsend. 9 Propargyl bromide was added dropwise to a mixture of the benzaldehyde in anhydrous DMF at 25 °C and potassium carbonate was used as the base. The reaction was stirred for 18 hours and gave the product in excellent yield.
In series 2, compounds 2.1 -2.7, cyclohexyl isocyanide was used throughout the series, so the Ugi reaction to form the β-lactam was performed first using the same conditions described for series 1. Thus β-alanine 4, cyclohexyl isocyanide 6 and 3-(prop-2-ynyloxy)benzaldehyde 5.15 were mixed together in methanol at room temperature and allowed to stir for 48 -72 hours. Compound 1.15 was isolated as a white crystalline solid in 81% yield after purification by column chromatography. Compounds 1.15 was then used as a reagent in the Mannich reaction. The terminal acetylene 1.15 was reacted with aqueous formaldehyde, and a series of different amines (1.2 eq) in the presence of a catalytic amount of copper(I) iodide in DMSO. The reaction was allowed to stir at 25 °C for 2 hours before the reaction was quenched with aqueous base. Compounds 2.1 -2.7 were isolated in good to excellent yields. The synthetic strategy was reversed in pursuit of series 3 where the Mannich reaction was performed using 3-(prop-2-ynyloxy)benzaldehyde 5.15, morpholine and aqueous formaldehyde to form compound 9. Compound 9 was then reacted with β-alanine and a series of isocyanides to give compounds 3.1 -3.9 in good to excellent yields.
All compounds in series 1, 2 and 3 were isolated as racemic mixtures. The chiral carbon is adjacent to the β-lactam ring. The final products were all characterized fully. Several definitive elements of characterization were identified. As a result of the presence of chiral carbon atom, in the 1 H NMR spectra, the four protons on the β-lactam ring give rise to two doublet of triplets (at approximately 3.6 and 3.1 ppm) and two doublet of doublet of doublets (at approximately 2.9 and 2.8 ppm). These signals act as a fingerprint for the desired product. The presence of the carbonyl carbons is clear in both the 13 C NMR spectra and in the IR spectra lending further support to the formation of the desired product. All characterisation data is consistent with the given structures proposed including high resolution mass spectrometry and elemental analysis. No attempt was made to separate the two enantiomers and all testing and characterisation was carried out on the racemic mixtures.
A number of the newly synthesised β-lactams showed moderate activity against the chloroquine sensitive D10 of P. falciparum, Table 1 . The compounds in series 2 and 3 were generally more active than the compounds of series 1. 
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Conclusions
In series 1, compounds 1.19 (IC 50 27 µM), 1.2 (IC 50 35 µM) and 1.15 (IC 50 48 µM) were the most efficacious. The data shows that, in general, for series 1, the presence of an electronwithdrawing group on the aromatic group results in compounds that are more active than those which have an electron-donating group. Clearly the pattern of activity is complex, but it is generally true that those compounds with an electron-withdrawing group in the para position are more active than those bearing electron-withdrawing groups at other positions. When there are several substituents on the aromatic ring no clear pattern is evident. It was also evident that hydroxyl and methoxy substitution had a detrimental impact on efficacy regardless of position on the phenyl ring. Compound 1.15 which had shown relatively good efficacy against the D10 strain of P.
falciparum was selected as the basis for the series 2 and 3. In series 2 there is a smaller variation in efficacy relative to series 1. The nature of the terminal amine group is significant. The
methylbenzyl terminal amine present in 2.1 (IC 50 15.7 μM) shows greatest efficacy, whilst the morpholine group shows least efficacy. In series 3, the variation of R 2 had some observable impact on the efficacy against the D10 strain. The most active was the benzotriazole compound, 3.7 and the least efficacious was the compound bearing the monobranched alkyl side-chain, 3.3.
The addition of a terminal amine group appears to have the overall effect of improving efficacy. However, the efficacy achieved by this class of compounds is moderate at best. Once the target of these molecules has been elucidated, further modification using rational design may prove useful.
Experimental Section
General. All chemicals were used as supplied by Aldrich. 1 H and 13 C spectra were recorded at room temperature on Varian EM 400 or 300 MHz spectrometers. Infrared spectra were recorded on a Perkin-Elmer Paragon 1000 FT IR spectrometer. Melting points were performed on a Kofler hot stage microscope (Reichert Thermovar). Elemental analyses were performed using a Carlo Erba EA1108 elemental analyser in the microanalytical laboratory of the University of Cape Town. Compounds were tested in duplicate on one occasion against chloroquine sensitive (CQS) strain of Plasmodium falciparum (D10). Continuous in vitro cultures of asexual erythrocyte stages of P. falciparum were maintained using the modified method of Trager and Jensen. 10 Quantitative assessment of antiplasmodial activity in vitro was determined via the parasite lactate dehydrogenase assay using the modified method described by Makler.
11
The samples were prepared to a 2 mg/mL stock solution in 10% DMSO or 10% methanol and were sonicated to enhance solubility. Samples were tested as a suspension if not completely dissolved. Stock solutions were stored at -20 ºC. Further dilutions were prepared on the day of the experiment. Chloroquine (CQ) was used as the reference drug in all experiments. A full dose-response was performed for all compounds to determine the concentration inhibiting 50% of parasite growth (IC 50 -value). Test samples were tested at a starting concentration of 100 μg/mL, which was then serially diluted two-fold in complete medium to give 10 concentrations; with the lowest concentration being 0.2 μg/mL. The same dilution technique was used for all samples. CQ was tested at a starting concentration of 100 ng/mL. The highest concentration of solvent to which the parasites were exposed had no measurable effect on the parasite viability (data not shown). The IC 50 -values were obtained using a non-linear dose-response curve fitting analysis via Graph Pad Prism v.4.0 software.
3-(Prop-2-ynyloxy)benzaldehyde (5.15). Propargyl bromide (3.2 mL, 80% w/w solution in toluene, 28.9 mmol) was added dropwise to a mixture of 3-hydroxybenzaldehyde (3.0 g, 24.1 mmol) and K 2 CO 3 (4.99 g, 36.1 mmol) in anhydrous DMF (30 mL) at rt, and stirred for 18 h. The reaction mixture was then diluted with H 2 O (100 mL), and extracted with EtOAc (4 x 50 mL), washed with H 2 O (4 x 200 mL) and brine (150 mL), dried (Na 2 SO 4 ) and solvent removed to yield the crude product. The crude product was purified via column chromatography, eluting with EtOAc/hexane (1:9) to yield the pure product as a yellow oil (3.54 General synthesis for β-lactams. β-Alanine (1.1 equiv), cyclohexyl isocyanide (1.0 equiv) and the appropriate aldehyde (1.0 equiv) were added to MeOH and allowed to stir at 25 °C for 48-72 h. The reaction was monitored by TLC (1:1 EtOAc/hexane). Once the aldehyde spot had disappeared the reaction was deemed complete. The solvent was removed from the reaction mixture under reduced pressure. The crude mixture was purified using silica gel chromatography eluting with 1:1 EtOAc/hexane. This method is a slight variation on the method described by Pitlik and Townsend. Bromophenyl)-N-cyclohexyl-2-(2-oxoazetidin-1-yl)acetamide (1.12) -2-(3-iodophenyl)-2-(2-oxoazetidin-1-yl)acetamide (1.13) -2-(2,4-dichlorophenyl)-2-(2-oxoazetidin-1-yl) -2-(2,4-difluorophenyl)-2-(2-oxoazetidin-1-yl) 
2-(3-
N-Cyclohexyl
N-Cyclohexyl-2-(3,4-dichlorophenyl)-2-(2-oxoazetidin-1-yl)acetamide
( -1-yl) -2-(2,3-dimethoxyphenyl)-2-(2-oxoazetidin-1-yl) -2-(2,4-dimethoxyphenyl)-2-(2-oxoazetidin-1-yl) -2-(2-oxoazetidin-1-yl)-2-(2,3,4-trimethoxyphenyl)acetamide (1.25) General procedure for Mannich Reactions. The terminal acetylene (1.0 equiv), aqueous formaldehyde (5.0 equiv), amine (1.2 eq) and copper(I) iodide (0.02 equiv) were stirred in commercial DMSO at 25 °C for 2 h. H 2 O was added to the reaction mixture, which was basified to pH 8. The mixture was extracted with EtOAc, washed with brine, dried (Na 2 SO 4 ) and solvent evaporated to yield the crude products.
N-Cyclohexyl-2-(2-fluoro-4-(trifluoromethyl)phenyl)-2-(2-oxoazetidin
N-Cyclohexyl
N-Cyclohexyl-2-[3-({4-[benzyl(methyl)amino]but-2-ynyl}oxy)phenyl]-2-(2-oxoazetidin-1-yl)acetamide (2.1).
Crude residue was purified via column chromatography, eluting with MeOH/DCM (0.5:9.5) to yield the product as a white powder, (75.1 mg, 72%); mp 88 -91 °C; R f (MeOH/DCM, 0.5:9.5) 0.33; IR (DCM, ν max , cm 76 (t, J 1.8Hz, 2H), 3.73 (m, 1H), 3.56 (td, J 5.7, 5.7, 2.7Hz, 1H), 3.50 (s, 2H), 3.31 (t, J  1.8Hz, 2H, H7), 3.11 (td, J 5.7, 5.7, 2.7Hz, 1H), 2.95 (ddd, J 14.7, 5.7, 2.7Hz, 1H -2-(2-oxoazetidin-1-yl)-2-{3-[(4-piperidin-1-ylbut-2-ynyl) General synthesis for β-lactams. β-alanine (1.1 equiv), cyclohexyl isocyanide (1.0 equiv) and the appropriate aldehyde (1.0 equiv) were added to MeOH and allowed to stir at 25 °C for 48-72 hours. The reaction was monitored by TLC (1:1 EtOAc/hexane). Once the aldehyde spot had disappeared the reaction was deemed complete. The solvent was removed from the reaction mixture under reduced pressure. The crude mixture was purified using silica gel chromatography eluting with 1:1 EtOAc/hexane. This method is a slight variation on the method described by Pitlik and Townsend. N-(1,1,3,3-Tetramethylbutyl)-2-{3-[(4-morpholin-4-ylbut-2-ynyl) N-(1-Methylbutyl)-2-{3-[(4-morpholin-4-ylbut-2-ynyl)oxy]phenyl}-2-(2-oxoazetidin-1-yl)acetamide (3.3) . Crude residue was purified via column chromatography, eluting with MeOH/EtOAc (0.1:9.9) to yield the product as a colourless oil, (0.148 g, 91%); R f (EtOAc) 0.33; IR (DCM, ν max , cm 
N-Cyclohexyl
